West JB. A strategy for in-flight measurements of physiology of pilots of high-performance fighter aircraft.
THERE HAVE BEEN REPORTS of serious physiological problems in pilots of modern high-performance fighter aircraft. These have been referred to as "hypoxia-like incidents" and are characterized by short periods of confusion and impaired cognitive function. Much of the publicity has been in relation to the F-22 aircraft (3, 5) but there have been reports of similar problems in other advanced fighter aircraft.
Modern fighter aircraft have extraordinary performance characteristics. Some can cruise above Mach 1 with a maximum speed exceeding Mach 2. Climb rates are as high as 40,000 ft/min with a ceiling exceeding 60,000 ft. Some aircraft have vectored engine nozzles that give them superior agility. Even a short period of pilot confusion in these conditions is dangerous.
The "incidents" of short-term cognitive impairment are not common but of course are of major concern in the context of flying these very maneuverable aircraft. There is considerable variation in the nature of the incidents and it has not been possible to determine a link between the incidents and factors such as cabin altitude or acceleration. Initially the incidents were attributed to periods of hypoxia, but subsequent reports do not appear to be consistent with this. In fact the physiological basis of the incidents is presently unclear, although not everyone agrees with this (5) .
There have been a number of discussions of these incidents to try to determine what was responsible for them. However, it seems that there is not enough physiological data to fully understand the problem. In fact there is an extraordinary disconnect between the large amount of data about the performance of the aircraft, and the extremely limited data about the function of the pilot. One conclusion was that it would be valuable to obtain more physiological data and this is the reason for the present manuscript.
It could be argued that the hypoxia-like incidents are so uncommon that it is unlikely that any positive information would be obtained from the equipment described here. However, it is probable that some physiological abnormalities are occurring much more frequently and that only occasionally are they severe enough to result in hypoxia-like incidents. These abnormalities are likely to leave some kind of signature that could be picked up in the absence of full-blown incidents.
OXYGEN SYSTEM
Hypoxia of the pilot is an obvious potential cause of the incidents, and therefore the characteristics of the oxygen system are important. In a typical fighter aircraft the cockpit is pressurized, but the cabin pressure decreases along with the altitude of the aircraft. In a typical aircraft at the highest altitudes, the cabin pressure is maintained at 5 psi (pounds per square inch) above atmospheric pressure. Oxygen for the pilot comes from an onboard oxygen generating system (OBOGS). Air at high pressure is available from the engine inlet and is fed to a synthetic zeolite pressure swing generator. When the high-pressure air enters the zeolite canister, nitrogen is preferentially adsorbed by the zeolite so that oxygen-enriched air is produced. After a short period the zeolite is unable to adsorb more nitrogen and the high-pressure oxygen is diverted to a second canister while the first is purged of the nitrogen. More than two canisters may be used. The principle is the same as that used in oxygen generators in the homes of patients with severe lung disease and also in high-altitude facilities where people work in an oxygen-enriched atmosphere (6) .
The oxygen is fed to the pilot's mask through a demand valve. Typically the inspired oxygen concentration is ϳ40% at low cabin altitudes but it rises to ϳ80% as the cabin altitude is increased. In some aircraft the pilot breathes 100% oxygen all the time, although the flights are of short duration so oxygen toxicity is not a problem. The high oxygen concentrations afford some protection in the event of equipment problems. In addition there is a small emergency oxygen system (EOS) in which the oxygen is contained in a high-pressure cylinder and this is fed to the mask if the pilot pulls a ring. The result is the delivery of 100% oxygen to the mask. At high G (gravitational acceleration) levels the mask pressure is increased to assist the pilot in a straining maneuver to maintain the blood supply to the brain and avoid G-related loss of consciousness (GLOC). Pressure breathing is also actuated if the pilot ejects at an altitude over 40,000 ft because the barometric pressure there is so low that even 100% oxygen will not result in an acceptable arterial PO 2 . The pressure in the pilot's vest is increased during pressure breathing to avoid overexpansion of the lung.
HIGH GRAVITATIONAL ACCELERATIONS
Another potential cause of short period of cognitive impairment is exposure to high G levels. In some modern fighter aircraft during simulated air combat maneuvers (4), the pilots are frequently exposed to accelerations of 5 Gz and occasionally this increases to as much as 9 Gz (z refers to an acceleration vector in the same direction as in a normally seated person). To counter the effects of high G levels the pilots wear full anti-G suits covering the legs and abdomen, and pressure breathing is used to supplement the pilot's straining maneuver at a high lung volume. As indicated above this is assisted by an increased pressure in a vest covering the chest. At one time there was malfunction of the valve to the vest but this has now been rectified. In addition a bladder inflates in the helmet to increase the seal between the pilot and his mask. This combination of G countermeasures is known as "Combat Edge."
POSSIBLE EXPLANATIONS FOR THE INCIDENTS
Acceleration atelectasis. When the pilot is exposed to an acceleration as high as ϩ5 Gz there is enormous distortion of the lung and dramatic changes in the distribution of pulmonary blood flow. There is evidence that at ϩ3 Gz most airways to the lower one-third of the lung are closed (2), and by extrapolation this predicts that at ϩ5 Gz airway closure will occur in 50% of the lung. In addition the distribution of pulmonary blood flow is dramatically changed so that at ϩ3 Gz only the lower one-third of the lung is perfused (2) . The result is that alveolar gas will be absorbed from the lung units distal to the airway closure, and the absorption rate will be greatly increased by their high blood flow and the high inspired oxygen concentration. Because the lung units behind closed airways initially have a high alveolar PO 2 , this blood from unventilated units will not depress the arterial PO 2 . However, after the oxygen is absorbed, a large shunt with depression of the arterial PO 2 is unavoidable.
Reduced cerebral blood flow caused by the high Gz levels. These pilots are extensively trained to counteract high G forces, and there is an elaborate anti-G pressure suit. GLOC is not seen. Indeed this would probably lead to loss of the aircraft. On the other hand it is certainly possible that there may be a reduction of cerebral flow at high G levels and that this in combination with other factors may be part of the explanation for incidents.
Hyperventilation leading to reduced cerebral blood flow. These pilots are highly trained to deal with the intense psychological pressures encountered during simulated air combat maneuvers. Nevertheless it is possible that some pilots will hyperventilate, thus causing a low arterial PCO 2 and respiratory alkalosis that will reduce cerebral blood flow because of cerebral vasoconstriction. There are no data on the alveolar PCO 2 or the level of ventilation in the pilots.
Increased work of breathing leading to CO 2 retention. Pilots have complained from time to time about difficulties with breathing. One possible cause is acceleration atelectasis as discussed above. This atelectasis will reduce lung volume and make it difficult for the subject to inspire to his normal end-inspiratory volume. Some people have suggested that the increased work of breathing may cause CO 2 retention, but this seems unlikely because carbon dioxide is an enormous stimulus to breathe in these normal subjects and it seems improbable that they would not be able to maintain their ventilation to prevent CO 2 retention. However, as indicated above, there are no data of the alveolar PCO 2 .
Decompression sickness related to the high climb rates. As indicated earlier some aircraft can climb very fast but whether decompression sickness could occur is unclear. The fact that the pilot is breathing an increased oxygen concentration at low cabin altitudes would provide some protection by eliminating some nitrogen from the body, but this may not be sufficient.
Toxic materials in the breathing circuit or the cockpit. This is another possibility, but exhaustive investigations have revealed nothing.
A STRATEGY TO OBTAIN MORE PHYSIOLOGICAL DATA
It is clear from the discussion above that at the present time more physiological data are needed to determine the cause of the hypoxia-like incidents. For example, it is not known exactly what the pilot is breathing. The oxygen concentration produced by the OBOGS is known but there may be rebreathing within the mask. There is no information about the PO 2 or PCO 2 of the expired gas and therefore there is no indication of whether there may be hyperventilation or hypoventilation. Although pilots report difficulties with breathing from time to time there are no objective data on possible inspiratory or expiratory obstruction. As alluded to earlier there is a likelihood of acceleration atelectasis in parts of the lung because of the high G forces and high inspired oxygen concentration. Measurements of vital capacity would give some information about this but at present these are impossible to carry out.
An essential feature of any added instrumentation is that it should not interfere with the function of the pilot in any way. There have been plans to add gas sensors to the mask but these would probably not be tolerated by the pilot. The following suggested plan should not incommode the pilot in any way.
There is a long history of physiological measurements on pilots in ground-based settings. One example is studies of rapid decompression carried out in low-pressure chambers where the gas exchange was measured with a respiratory mass spectrometer (1). Another example is the effects of increased acceleration on centrifuges, including changes in the distribution of pulmonary ventilation and blood flow (2) . By contrast, in-flight physiological measurements on pilots, especially in high-performance aircraft, are rare in large part because of the difficulties of instrumentation. A key factor in the present proposal is the availability of small, rapidly responding oxygen and carbon dioxide analyzers.
Inspired and expired PO 2 and PCO 2 . We have modified an Air Force mask (type MBU-20) by adding a small-bore sampling tube to the base of the mask so that the tip of the tube is located alongside the microphone (Fig. 1) . A capillary tube fitted to the probe is led down the outside of the breathing hose along with the microphone cable. The capillary tube is made of Nafion, which has the property of absorbing water vapor from the expired gas
In-Flight Measurements of Pilots • West JB with the result that the tube remains dry. The tube is connected to a box of dimensions 5 ϫ 3.9 ϫ 2.6 in. (13 ϫ 10 ϫ 4 cm) that houses the O 2 and CO 2 rapid analyzers and a small pump to transport the gas from the mask.
The O 2 analyzer is an electrochemical cell (Teledyne) with a range from zero to 100% O 2 , a 90% response time of 80 ms, and an accuracy of 0.05 vol/%. The CO 2 analyzer is a thermal conductivity device with a range of zero to 10%, a 90% response time of 80 ms, and an accuracy of 0.05 vol/%. The specifications of these analyzers show that they work satisfactorily up to an altitude of 18,000 ft (5,900 m). This means that the maximum cabin altitude for which the data would be available is 18,000 ft but the aircraft altitude would be much higher. During pressure breathing, the analyzers will be exposed to an increased pressure, and the O 2 analyzer then shows an increase in PO 2 as expected but is not damaged by the higher pressure. The box containing the sensors would be located in the pilot's vest along with his radio and other equipment. Therefore in the event of ejection of the pilot, there are no attachments between the equipment and the aircraft. The sophisticated technology can be thought of as providing a respiratory mass spectrometer in the pilot's vest pocket.
This box is available commercially as part of the Oxycon Mobile equipment marketed by CareFusion (Loma Linda, CA). We have done extensive studies with this box in the past because it was used to measure the inspired PO 2 and PCO 2 in subjects going to high altitude. The end-tidal PO 2 and PCO 2 indicate the alveolar values, and these give valuable information about the time course of the acclimatization of a subject to high altitude. For example, subjects who reduce their alveolar PCO 2 by hyperventilation and at the same time increase their alveolar PO 2 show better acclimatization than subjects who do not hyperventilate as much. Figure 2 shows a screenshot of a laptop computer connected to the gas analysis box. The tracing at the bottom shows the inspired and expired PCO 2 in blue and the same for PO 2 in red. Looking at the PCO 2 , the inspired value at the bottom and the gradual increase in PCO 2 during expiration with the alveolar plateau at the end is clearly seen. The opposite changes occur for the PO 2 . Software has been developed to pick off the end-tidal values for both PO 2 and PCO 2 , and these are shown at the top. Again PCO 2 is in blue and PO 2 in red. Additional software calculates the respiratory exchange ratio, and this is shown by the green dots. Clearly were this information available from the pilots it would be very informative. The physiological data would not be available in flight, but the data would be recorded and analyzed after each flight. Timing signals would be added to the logged data, and these would allow the physiological data to be synchronized with the recordings of the aircraft data such as altitudes and G levels.
Inspiratory flow rates and volumes. It would be valuable to have information on the ventilation of the pilot. Ideally a flow meter located on the expiratory port of the mask would be preferred, but there is no obvious way of doing this without incommoding the pilot. However, it is possible to add a flow meter in the inspiratory line just downstream of the demand valve leading to the mask (Fig. 3) . The preferred sensor would probably be a hot wire anemometer. By integrating the flow signal with respect to time it would be possible to derive the inspired volume.
One of the advantages of this measurement is that it should be possible to measure the inspiratory vital capacity on a trained and willing pilot. To do this he would need to exhale as far as possible and then inhale as far as possible. Traditionally vital capacity is measured on expiration but the inspiratory value should be equally useful if the pilot is trained to perform the maneuver accurately. The vital capacity could give very useful information about the amount of acceleration atelectasis if this occurs. It would be essential to have control values early in the flight, or possibly just prior to takeoff, so that any change in vital capacity could be detected. At the present time we have no information about possible acceleration atelectasis, although from time to time pilots have stated that they have difficulty in taking a full inspiration, and this suggests that there may be some atelectasis. Note that pilots will not be asked to make the vital capacity measurement during increased G exposure, but only during normal 1-G periods. Also preflight measurements should be made with the pilots wearing full equipment in the aircraft to determine if the clothing itself limits inspiration.
Pressures in the mask during inspiration and expiration. This would be a simple addition. Another small probe would be inserted into the base of the mask, the tube would run down the outside of the breathing hose along with the capillary tube for Fig. 1 . Air Force MBU-20 mask that has been modified by adding a probe for the gas analyzers. A: interior of the mask with the probe near the microphone (top) and the inspiratory valve (left), expiratory valve (right). B: exterior with the capillary tube from the probe connected to the box with the gas analyzers. In practice the capillary tube will run down the outside of the corrugated tube together with the microphone cable as in Fig. 3 .
In-Flight Measurements of Pilots • West JB the gas analyzers, and this would be connected to a small pressure transducer with a range of ϩ30 to Ϫ30 mmHg. It would be valuable to know the mask pressures because this would give accurate information on the degree of inspiratory or expiratory obstruction if this existed. Certainly there have been complaints from pilots from time to time. Figure 3 shows a diagram of the proposed equipment. In addition to the box containing the gas analyzer, there is a box containing the electronics for the hot wire anemometer, the manometer for measuring the mask pressure, a solid-state memory to log the data, and batteries to power the units.
CONCLUSION
The problem of unexplained "hypoxia-like" incidents in modern fighter aircraft is very serious. Anybody who is made aware of this problem for the first time has to be astonished at the disconnect between the amount of information on the function of the aircraft on the one hand and the extreme paucity of information on pilot function on the other. The procedures set out here are trivial in the context of the costs of modern fighter aircraft. The changes consisting of adding two small probes to the mask should not incommode the pilot in any way. Admittedly he will need to carry (Fig. 1 ) allows gas to be fed to a box containing the rapid analyzers for PO2 and PCO2. Another capillary tube in the mask is connected to a manometer in a second box. A hot wire anemometer measures the inspiratory flow just downstream of the demand valve in the inspiratory line. The electronics for this are contained in the second box that also houses the solid-state memory and batteries. The 2 boxes are contained in the pilot's vest. Capillary tubes for the gas analysis and measurement of mask pressure run down the outside of the inlet hose together with the microphone cable and will not interfere with the pilot's function in any way.
two additional boxes in his vest but this seems a small price to pay. The need for more information about pilot physiology can hardly be overemphasized.
